Noninsulin-dependent diabetes mellitus (NIDDM), which is a major adult disease, is caused by a secretary decrease of insulin from pancreatic Langerhans β cells, or a lowering of the insulin resistance. 1 One of the most direct and beneficial types of therapy for NIDDM is achieved by control of the blood glucose level after a meal by delaying glucose absorption. 2 Among the therapeutic drugs used to prevent a high blood glucose level, the inhibitors of α-glucosidase (AGH, EC 3.2.1.20), which is a membrane-bound enzyme at the epithelium of the small intestine that catalyzes the cleavage of glucose from disaccharide, are effective for delaying glucose absorption. 3, 4 To date, certain synthetic inhibitors of AGH 5 have been developed and used for the therapeutic treatment of NIDDM. 6 In the field of food chemistry, much attention has been devoted to a search for food materials with AGH inhibitory activity from natural resources and that have a high demand for a rapid and continuous assay method of AGH inhibitory activity. A spectrophotometric method using a pseudo-substrate, pnitrophenyl-α-D-glucopyranoside, and free AGH from baker's yeast has been widely used for in vitro assays. 7, 8 It was pointed out, however, that the evaluated inhibitory effects of pharmaceuticals did not match with those obtained by an in vivo experiment. 9 The reason for this discordance comes from the difference in the environment of AGH in the mammalian intestine. We previously reported on a pseudo-in vivo assay system using immobilized rat intestinal AGH on Sepharose, which mimics the environment of the mammalian small intestine. 10 Biosensors still offer great potential as the next revolution in analysis. The high sensitivity of enzymes coupled with the electrochemical signal transducer should ideally result in an enzyme electrode capable of measuring the concentration of the substrate in a medium containing a diverse mixture of other compounds. 11 So far, the development of biosensors has focused on the system for a single channel. The development of a system for multi-channel biosensors is very important to increase the frequency of the sample treatment. We have been devoted to the development of multi-channel flow-type biosensors. 12-16 A micro titer plate detection system with 96-wells is another type of multi-channel detection system using immobilized enzymes. For instance, Ukeda et al. developed a spectrophotometric system which used immobilized enzymes on the surface of the micro titer plate. [17] [18] [19] Recently, a multi-channel dissolved oxygen meter (DOX96) was developed with the intention of making simultaneous evaluations of drug resistance for microorganisms. 20 Arai et al. inoculated mixtures of a test drug and a culture medium containing microorganisms in the wells of the electrode plate (96-wells, MEC-96), and evaluated the drug resistance by monitoring the oxygen consumption accompanying the respiration of viable microorganisms. 21 These kinds of evaluations, however, were qualitative with respect to measurements of the decrease rate of oxygen during relatively long-time cultivation. Thus, we first tried to quantify glucose with immobilized glucose oxidase (GOD) and mutarotase (MUT) by using DOX96, and then to evaluate the inhibitory activities of AGH by modifying our batch type pseudo-in vivo assay system.
Introduction
Noninsulin-dependent diabetes mellitus (NIDDM), which is a major adult disease, is caused by a secretary decrease of insulin from pancreatic Langerhans β cells, or a lowering of the insulin resistance. 1 One of the most direct and beneficial types of therapy for NIDDM is achieved by control of the blood glucose level after a meal by delaying glucose absorption. 2 Among the therapeutic drugs used to prevent a high blood glucose level, the inhibitors of α-glucosidase (AGH, EC 3.2.1.20), which is a membrane-bound enzyme at the epithelium of the small intestine that catalyzes the cleavage of glucose from disaccharide, are effective for delaying glucose absorption. 3, 4 To date, certain synthetic inhibitors of AGH 5 have been developed and used for the therapeutic treatment of NIDDM. 6 In the field of food chemistry, much attention has been devoted to a search for food materials with AGH inhibitory activity from natural resources and that have a high demand for a rapid and continuous assay method of AGH inhibitory activity. A spectrophotometric method using a pseudo-substrate, pnitrophenyl-α-D-glucopyranoside, and free AGH from baker's yeast has been widely used for in vitro assays. 7, 8 It was pointed out, however, that the evaluated inhibitory effects of pharmaceuticals did not match with those obtained by an in vivo experiment. 9 The reason for this discordance comes from the difference in the environment of AGH in the mammalian intestine. We previously reported on a pseudo-in vivo assay system using immobilized rat intestinal AGH on Sepharose, which mimics the environment of the mammalian small intestine. 10 Biosensors still offer great potential as the next revolution in analysis. The high sensitivity of enzymes coupled with the electrochemical signal transducer should ideally result in an enzyme electrode capable of measuring the concentration of the substrate in a medium containing a diverse mixture of other compounds. 11 So far, the development of biosensors has focused on the system for a single channel. The development of a system for multi-channel biosensors is very important to increase the frequency of the sample treatment. We have been devoted to the development of multi-channel flow-type biosensors. [12] [13] [14] [15] [16] A micro titer plate detection system with 96-wells is another type of multi-channel detection system using immobilized enzymes. For instance, Ukeda et al. developed a spectrophotometric system which used immobilized enzymes on the surface of the micro titer plate. [17] [18] [19] 268 U/mg-solid) and mutarotase (MUT, EC 5. 
Preparation of immobilized GOD membrane on surface of electrodes
The electrode plate (MCE-96) consisted of an electroinactive plastic part and three electrodes (plated with gold), as shown in Fig. 1(B) . For the immobilization of GOD and MUT on the surface of the electrodes, two methods were tried: (1) insoluble proteinic membranes were formed on the surface of the electrodes in the bottom of the well; (2) GOD and MUT were directly immobilized with chemical substances which bound specifically on the Au surface.
The preparation of a proteinic membrane using collagen was performed according to a previous paper. 22 In brief, collagen was suspended in 0.4 M acetic acid and homogenized for 20 min at 5˚C. The obtained collagen fibrin paste was dialyzed in a cellulose tube against water until the pH of the contents reached 6.0. The dialyzed paste was centrifuged at 10000g for 20 min. A collagen solution of 0.1% was used to prepare the membrane. For a gelatin membrane, a 1% solution of fish gelatin was used. Sixty microliters of these protein solutions was poured in the wells of the electrode plate and air-dried over night at 4˚C.
The immobilization of GOD and MUT on the proteinic membrane was performed as follows. One hundred microliters of a 5% glutaraldehyde solution (carbonate buffer, pH 10) were poured in each well of the plate and reacted for 2 h to introduce the aldehyde functional groups. Then, after the membrane was washed with 0.1 M phosphate buffer (pH 6.0), 100 µl of the enzyme solution was added in the well, and reacted for 2 h at 20˚C. After washing, 100 µl of 0.1 M glycine was added into the well to block any unreacted functionalities.
For the direct immobilization of GOD and MUT, 50 -200 µl of 1-amino-11-undecanethiol (1 mg/ml) was added in the well and air-dried over night to make the specific binding of SH group with Au. After binding, an immobilization procedure using glutaraldehyde was performed, as described above. The well of the enzyme immobilized plate was filled with 0.1 M phosphate buffer and stored at 4˚C with a plastic film cover.
Partial purification of AGH AGH was purified from rat intestinal acetone powder according to our previous report 10 originated by Cogoli et al. 14 In brief, acetone powder (2.5 g) was treated with papain (1% w/v in 125 ml buffer, 37˚C, 1 h), followed by centrifugation.
The supernatant was fractionated with 40 -60% satd. (NH4)2SO4, then the precipitate was resuspended, ultrafiltrated (M.W. < 200000) and finally lyophilized. The specific activity of the partially purified AGH was approx. 60 mU/mg-solid (0.1 mU/mg-protein).
Immobilization of AGH on supports or a membrane
The preparation of AGH-immobilized supports was performed according to our previous report. 10 To CNBractivated Sepharose (50 mg as original dry weight), 1 ml of partially purified AGH (2 mg) in the coupling buffer (0.1 M borate buffer containing 0.5 M NaCl, pH 7.5) was added and incubated for 2 h at 20˚C. After incubation, each support was washed with the coupling buffer, followed by the addition of 1 ml of 0.1 M β-alanine solution in order to block the remaining functional groups and to introduce carboxyl (-COOH) groups on the supports. After blocking, the supports were thoroughly rinsed with 0.1 M citrate buffer (pH 4.0) containing 0.5 M NaCl, and then with the coupling buffer. The supports were filled with a model intestinal fluid (0.1 M phosphate buffer, pH 6.8) recommended in the Japanese Pharmacopoeia (JP XIII) and stored at 4˚C.
A silent screen plate (Biodyne B) was used for the direct immobilization of AGH. The plate has 96-wells and a membrane filter with amino functional groups at the bottom of each well. After the surface of the membrane filter was activated with 5% glutaraldehyde (carbonate buffer, pH 10) appropriate amounts of AGH were immobilized on the membrane and blocked with β-alanine, as described above. In the case that AGH-immobilized Sepharose was used for the 96-well plate, 2 mg (wet-weight) of washed CNBr-activated Sepharose was weighed into each well and the supports were coupled with 40 µl of AGH solution (2 mg/ml) for 2 h at 20˚C, followed by blocking, as described above.
Batch assay for AGH inhibitory activity using AGHimmobilized supports (Pseudo-in vivo assay)
A pseudo-in vivo assay was performed, as described in our previous report. 10 In brief, 10 µl of an inhibitor solution and 990 µl of a substrate solution (10 mM maltose) were added to an end-capped ASSIST Mini-column containing AGH- immobilized Sepharose (10 mg-wet gel). The assay was started after adding 1.0 ml of a model intestinal fluid containing 10 mM maltose. After incubation at 37˚C for 30 min, the liberated glucose was measured by Glucose CII-Test Wako. The inhibitory activity was estimated based on the difference in the amount of glucose in the filtrate with or without an inhibitor. The concentration of the AGH inhibitor required to inhibit 50% of the AGH activity under the assayed condition was defined as the IC50 value.
Reaction scheme Scheme 1 shows the enzymatic reaction used in this experiment. Partially purified AGH was immobilized on CNBrSepharose to make reactors. Maltose substrate was allowed to react with AGH, which produced α-D-glucose, as shown in Eq.
(1). The α-D-glucose produced was converted to gluconic acid and at the same time hydrogen peroxide was produced in the sequential reaction shown in Eqs. (2) and (3) by the action of MUT and GOD. The change in the oxygen level was monitored by an oxygen sensor. When inhibitors are present in a sample, the reaction of AGH shown in Eq. (1) would be inhibited by the inhibitor, resulting in a decrease in the production of α-Dglucose, and, consequently, a decrease in oxygen consumption. The inhibitory activity was estimated by the difference in the oxygen consumption with or without an inhibitor. The definition of the IC50 value was the same as that for a batch system.
Incorporation of a pressurizing apparatus into DOX96
The general operation method of the DOX96 consists of three stages: (1) the preparation of test mixtures in several wells of the plate, including a medium, test microorganisms and test drugs, (2) setting up of the plate on the DOX96 and application of the potential (-400 mV) on the electrodes, (3) monitoring of the oxygen level during cultivation (2 -7 days) and calculating the rate of oxygen consumption. In our case, it was desirable to measure the change in the oxygen level from an original steadystate level to a new steady-state level after samples were injected. In order to achieve this concept, the incorporation of a multi-injection system was necessary while applying a potential (-400 mV) to the electrodes. We used a vacuum manifold for membrane filtration as a pressurizing apparatus. The apparatus, in this case, was turned upside-down, and air was flowed by the air sampler (AHU-1), as shown in Figs. 1(A) and (B) . Multiinjection was performed by combining a silent screen plate (Biodyne B) and the vacuum manifold.
Results and Discussion

Analysis of the response curve obtained from DOX96 incorporated with a pressurizing apparatus
The measuring method of this system was that a potential of -400 mM was applied for about 10 min, and after a steady current was obtained samples were injected all at once by the multi-injection mode. An example of the response curves is shown in Fig. 2 . In this experiment, 100 µl of free GOD and MUT was set in a well of MEC-96 and 100 µl of an appropriate concentration of glucose was set in a well of Biodyne B. A blank value was also measured with another set of wells. After steady currents were obtained (C1 for glucose and Cb1 for blank), solutions in wells of Biodyne B were injected by pressurizing a vacuum manifold for 3 min. A sudden increase of air noise currents was observed and the currents were gradually decreased to new steady values (C2 for glucose and Cb2 for blank). The decrease percent of dissolved oxygen (DO) was calculated from the current decrease after sample injection divided by a steady current before sample injection, as shown in Eq. (4). The term B (in the following equation) corresponds to the correction for the effect of a blank change:
Glucose measurement by free GOD and MUT As a preliminary test, glucose was measured by using free GOD and MUT. The measured values had relatively large deviations among the electrode wells, even if the same concentrations of glucose solutions were injected. Thus, we selected 8 electrode wells in the same row of the plate for the same concentration of glucose. Consequently, we could measure twelve different samples by 96-well electrodes (MEC-96). As shown in Fig. 3 , a linear relation was obtained between the decrease percent of DO and the glucose concentration in the range of 0.2 -1.0 mM with a correlation coefficient of 0.9861 when 100 µl of GOD (1.0 U/ml) and MUT (0.42 U/ml) were set in electrode wells and 100 µl of an appropriate concentration of glucose was injected. Though the standard deviation (SD) of each point shown in vertical bar was relatively large, the averages of the responses of 8 electrode wells showed reasonable values, even if repeated measurements were performed.
Glucose measurement by immobilized GOD and MUT membrane
Firstly, the immobilization procedures were optimized. The membrane materials were compared between collagen and gelatin. The immobilization efficiency of gelatin membrane 1317 ANALYTICAL SCIENCES DECEMBER 2002, VOL. 18 Scheme 1 Reaction schemes for determining the AGH activity and AGH inhibitory activity. was twice as high as that of collagen, and the optimal operating pH was in the range of pH 4 -5. The direct immobilization of GOD and MUT on an Au surface with 1-amino-11-undecanethiol was poor, and gave a low steady current of DO. Thus, we selected gelatin as the membrane material and operated as shown in Fig. 1(C) .
Secondly, the amounts of GOD and MUT were optimized. Three sets of enzyme amounts were examined: (1) 30 U/well GOD + 12.5 U/well MUT, (2) 45 U/well GOD + 18.75 U/well MUT, (3) 60 U/well GOD + 25 U/well MUT. As shown in Fig.  4 , linear relations (r > 0.9) were obtained up to 5 mM glucose with 30 U/well GOD, 3.5 mM glucose with 45 U/well GOD, and 1.0 mM glucose with 60 U/well GOD. Considering that 2 -3 mM glucose will be liberated with the batch pseudo-in vivo assay, the amounts of 45 U/well GOD and 18.75 U/well MUT were adopted. The immobilized GOD and MUT plate was stable for over 10 days when filled with a 0.1 M phosphate buffer and stored at 4˚C.
Interference
The possible interference substances in food samples were investigated under the presence of 2 mM glucose. As shown in Table 1 , no severe interference was observed, except for a high concentration of ascorbic acid. Ascorbic acid will be removed, if any, by ascorbate oxidase 24 or its spatula before an examination.
Estimation of the AGH inhibitory activity
The inhibitory activity for AGH was estimated using acarbose, a medicinal inhibitor for AGH. When directly immobilized AGH on the surface of the silent screen plate (Biodyne B) was used, the calculated IC50 value was 10-times higher than that obtained by a batch pseudo-in vivo assay. This is probably caused by a restriction of the mobility of AGH. We thus decided to use AGH-immobilized Sepharose in the well of the silent screen plate. Into the first row of the plate, each 200 µl of 10 mM maltose was poured as controls, and the remaining rows were used for a series of dilutions of an inhibitor containing 10 mM maltose. After 30 min of incubation at room temperature, the reaction mixtures were withdrawn by using a plastic tray vacuum manifold (in this case, normal usage of the manifold, not upside-down). Each 100 µl of withdrawn solution was subjected to a glucose sensing device with immobilized GOD and MUT.
To verify the measuring system, the IC50 values for acarbose and 1-deoxynojirimycin, widely known as an AGH inhibitor, were estimated, and compared with those obtained by the batch pseudo-in vivo assay system. Three trials were made for both inhibitors. The results are given in Table 2 , indicating that there is no significant difference between the two methods based on a Student's t-test (p < 0.05).
Regeneration of used immobilized AGH supports in the plate
Since inhibitors generally tightly bind to AGH, it was difficult to regenerate the once-used immobilized AGH supports in the Biodyne B plate. We tried to rinse the AGH supports in the plate with a model intestinal fluid (pH 6.8) containing 10 mM maltose. A plate covered with nylon mesh sheet on the top was immersed in the solution mentioned above and incubated at 37˚C for 1 -3 h. Figure 5 shows the time course of the relative response recovered with respect to that of the control. As shown in Fig. 5 , the relative activity of AGH was recovered at 3 h incubation for each inhibitor concentration. The activity of AGH at the control, itself, however, decreased by about 30%. Thus, it was supposed that repeated use of the plate would be 3
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ANALYTICAL SCIENCES DECEMBER 2002, VOL. 18 Fig. 3 Relation between the decrease percent of DO and the glucose concentration using free GOD and MUT. Fig. 4 Effects of the enzyme amounts for immobilization on the response. , 30 U/well GOD + 12.5 U/well MUT; , 45 U/well GOD + 18.75 U/well MUT; , 60 U/well GOD + 25 U/well MUT. times at maximum; after this repetition time, a suitable dynamic range of the oxygen sensor would not be obtained.
In conclusion, the proposed multi-channel oxygen sensor system can be considered to be a useful method to evaluate the inhibitory activity for AGH. Therefore, it will be convenient for a survey of food components having an ability to inhibit AGH from many natural foods.
